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Introduction
Reasonable constraints on the crystallisation and mantle source temperatures of mantle-derived mafic and ultramafic igneous rocks are crucial for determining the geodynamics of our planet. Yet, this task has long remained one of the major challenges in modern petrological research: e.g., the question of whether large-scale intra-plate volcanic phenomena such as continental flood basalts (CFBs) require the existence of thermal anomalies in the upper mantle has been heavily debated (see Anderson, 2005; Campbell, 2005; Herzberg, 2011) . Temperature estimates of mantle-derived magmas have traditionally relied on estimates of (parental) melt and mantle source compositions and/or olivine-liquid equilibration conditions (e.g., Roeder and Emslie, 1970; Ford et al., 1983; Beattie, 1993; Herzberg and O'Hara, 2002; Herzberg et al., 2007; Putirka, 2005; Falloon et al., is shown in the lower right inset.
Geological setting and sample suites
The Jurassic (~180-190 Ma; Duncan et al., 1997; Zhang et al., 2003; Riley et al., 2005 Riley et al., , 2009 Luttinen et al., in press ) Karoo CFBs and related intrusive rocks of Antarctica are found up to few hundred kilometres off the coast of western Dronning Maud Land (Fig. 1) . The CFBs, exposed at Vestfjella, Heimefrontfjella, and Kirwanveggen, represent the youngest major stratigraphic unit in the area and are underlain by Palaeozoic sedimentary rocks (e.g., Juckes, 1972) and/or a Precambrian basement complex consisting of a variety of Archaean to Proterozoic rocks (e.g., Wolmarans and Kent 1982, Groenewald et al., 1995; Moyes et al., 1995; Jacobs et al., 1998; Marschall et al., 2010) . Abundant CFB-related intrusive rocks are found in the same areas, but they also crosscut the basement complex at Ahlmannryggen, Borgmassivet, H.U. Sverdrupfjella, and Mannefallknausane (Fig. 1) . The lavas and intrusive rocks can be geochemically divided into several groups, most of which show strong evidence of melt contribution from continental crust and/or lithospheric mantle (Furnes et al., 1987; Harris et al., 1990 Harris et al., , 1991 Luttinen et al., 1998 Luttinen et al., , 2010 in press; Luttinen and Furnes, 2000; Riley et al., 2005) . Some of the magma types show geochemical similarities with the larger Karoo CFB formations found on the African side of the Jurassic rift system (e.g., Luttinen and Furnes, 2000; Riley et al., 2005) .
Four intrusive magma types from western Dronning Maud Land show evidence of limited lithospheric interaction and derivation of the parental magmas from sublithospheric sources: 1) The Vestfjella depleted ferropicrite suite, 2) Vestfjella Low-Nb dykes, 3) The Vestfjella enriched ferropicrite suite, and 4) Ahlmannryggen Group 3 dykes (Riley et al., 2005; Heinonen and Luttinen, 2008; Luttinen et al., in press ). The first two originated from a common depleted (upper mantle) source Luttinen et al., in press) and the latter two derive from distinct pyroxene-rich (recycled) mantle sources (Heinonen et al., , 2013 (Heinonen et al., , 2014 . In this study, we will concentrate on the depleted ferropicrite suite and Group 3 dykes. Analysis of the Low-Nb dykes is hampered by limited volume of sample-material and alteration of olivine, and analyses of the enriched ferropicrite suite showed spinel compositions that are very Fe 3+ -rich (Fe 3+ /Fe T > 0.40) and notably outside the calibration range for the Al-in-olivine thermometer (Fe 3+ /Fe T ≤ 0.35; Coogan et al., 2014) . The Vestfjella depleted ferropicrite suite is composed of dykes that show a wide range of major element compositions from meimechites to basalts (MgO = 5-28 wt. %) and are composed of variable amounts of olivine, clinopyroxene and plagioclase phenocrysts within a groundmass of basaltic composition Luttinen, 2008, 2010) . Crystalline melt inclusions in olivine contain igneous amphibole that indicates parental melt H 2 O contents of 1-2 wt. % . The most Mg-rich samples have been collected from boulders within glacial drift deposits at Basen nunatak (Fig. 1) . The boulders exhibit chilled margin contacts of the high-Mg magmas adjacent to sandstones, and have thus likely been transported and deposited at Basen nunatak from the surrounding valleys (Lindström, 2005) . Some of the boulders represent cumulate samples, but others contain very Mg-rich olivine phenocrysts (up to Fo 92 ) in or close to equilibrium with the whole-rock composition . For the estimation of maximum olivine-spinel equilibrium temperatures, we selected meimechitic boulder sample AL/B1b-03 (MgO = 19 wt. %) that is characterised by abundant forsteritic olivine (with euhedral/subhedral spinel inclusions; Fig. 2a ) and is likely to closely correspond to a melt composition .
The Group 3 dykes (MgO = 8-22 wt. %) crosscut the Precambrian basement rocks of western Dronning Maud Land at Ahlmannryggen ( Fig. 1 ; Riley et al., 2005) . In addition to fresh olivine and clinopyroxene phenocrysts, many of the Group 3 dykes also contain orthopyroxene phenocrysts, which indicate high pressures of crystallisation and pyroxene-rich mantle sources (Heinonen et al., 2013) . Picritic samples Z1813.1, Z1817.2, and Z1816.3, with fresh euhedral olivine and euhedral/subhedral spinel inclusions (Fig. 2b) , were selected for analysis. All of the selected Group 3 samples show evidence of a variable degree of olivine and orthopyroxene accumulation (Heinonen et al., 2013) . 
Analytical methods
For the analysis, the samples were crushed, and the freshest olivine grains were hand-picked, mounted, and polished. Spinel inclusions within olivine hosts which met a minimum size of ~ 8 μm and lacked fractures and alteration textures were selected for analysis, aided by back-scattered electron images. The olivine spinel pairs of the Vestfjella depleted ferropicrite suite (sample AL/B1b-03) and Group 3 dykes (samples Z1813.1, Z1817.2, and Z1816.3) were analysed for Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, and Ni (+P only for olivine) with Cameca SX-100 microprobe at the Department of Earth Sciences, University of Cambridge in two separate analysing periods. Matrix corrections were performed with the Cameca Peak Sight software using the PAP correction method. The microprobe was calibrated using natural and synthetic standards. The acceleration voltage, sample current, and beam diameter for the analyses were 15 kV, 20 or 40 nA (20 for olivine, 40 for spinel), and 1 μm, respectively. The element-specific peak and background count times, standard deviations, and limits of detection are presented in Supplementary Table S1 . Special care was taken for setting the analysing conditions for Al: it is a crucial element for the thermometer, but its concentration in olivine is generally very low (< 600 ppm; Coogan et al., 2014) . The applied conditions resulted in low limits of detection (≤ 101 ppm) and standard deviations (≤ 20%) for Al in olivine (Supplementary Table S1 ).
Results
The olivine and spinel analyses are presented as major element oxides in Table 1 . Olivine compositions represent averages of multiple analyses on the same grain next to the spinel inclusion: the variation in Al content is expressed as σ nat .
The overall compositional characteristics of the phases are similar to previous analytical studies Heinonen et al., 2013) with the exception that MnO was not previously measured from the depleted ferropicrite suite spinels . In addition, our new data does not include the rare Fo 89-90 olivine phenocrysts identified in Group 3 sample Z1816.3 (Heinonen et al., 2013) .
Olivine phenocrysts in the depleted ferropicrite suite sample AL/B1b-03 are very Mg-rich and range from Fo 88 to Fo 92 , whereas olivines in Group 3 sample are more Fe-rich and range from Fo 79 to Fo 82 , reflecting the higher Fe/Mg of the parental magmas of the latter. The Al 2 O 3 contents in olivine range from 0.055 to 0.096 wt. % (Al = 290-510 ppm) in AL/B1b-03 and from 0.026 to 0.035 wt. % (Al = 140-186 ppm) in Group 3 samples (Fig. 3) ; all analyses are 3σ-8σ above the limit of detection. Spinels in both sample suites are very Cr-rich and exhibit Cr# [Cr/(Cr+Al)] ranging from 0.67-0.78 (Table 1) .
All of the olivines have high CaO, and spinels are encapsulated as inclusions within those olivines and have higher TiO 2 than spinels found in mantle peridotites (Fig. 4) . These observations indicate that the olivines and spinels crystallised from the parental magma and are not entrained xenocrysts, which is also in accordance with previous studies on these rocks Heinonen et al., 2013) .
Discussion

Applicability of the Al-in-olivine thermometer
The Al-in-olivine thermometer is not recommended for olivine-spinel pairs that are significantly outside the calibration ranges of the experiments (Wan et al., 2008; Coogan et al., 2014) . Here we address the applicability of the thermometer to our samples in terms of spinel Fe 3+ , Cr#, Ti, and olivine P. Coogan et al. (2014) . The re-equilibrated olivines of the MORBs from the Siqueiros transform fault are not included (Coogan et al., 2014) . Error bars (1σ) either represent the analytical error or natural variation in olivine Al 2 O 3 , whichever is larger (see Table 1 ). Coogan et al. (2014) (Fig. 5c) indicates that, for the range of samples presented in these studies, Ti spl does not seem to have a notable effect on the thermometer. 2). Vestfjella olivine-spinel pair that is suspected to be out of equilibrium is shown with a grey symbol and stippled error bars (see Section 5.2). LIP and MORB fields in (a) are after Coogan et al. (2014) . Olivine-spinel pairs of the MORBs from the Siqueiros transform fault suffer from re-equilibration of the olivines and are not included (Coogan et al., 2014) . LIP olivine-spinel pairs with variable Ti spl analysed by Coogan et al. (2014) shown for reference in (c).
Incorporation of Al into olivine may also take place as a coupled Al-P substitution (Coogan et al., 2014) . For olivines with anomalously high P (> 200 ppm), Al ol contents should be extrapolated to P ol = 0 ppm. Phosphorus is below detection limits (≤ 129 ppm; Supplementary Table S1 ) in all of our samples so a correction is not required. The thermometer reproduces experimental temperatures to within ±25°C (Coogan et al., 2014) , but larger errors may be caused by analytical uncertainties and the natural variation in Al ol . Accordingly, we implemented the uncertainty of Al ol in the equation by performing Monte Carlo simulations (n = 5000) for each olivine-spinel pair. We either used analytical σ or natural σ (whichever was larger; Table S1 ).
Crystallisation temperatures
The resulting crystallisation temperatures for the olivine-spinel pairs are listed in Table 1 and are plotted against olivine Fo, Cr# spl , and Ti spl in Fig. 5 . The temperatures calculated for the depleted ferropicrite suite using Eq. (1) range from 1367±37 °C to 1481±35 °C and for the Group 3 dykes from 1253±64 °C to 1303±40 °C. We were unable to separate the rare Fo 89-90 olivines from Group 3 sample Z1816.3 (Heinonen et al., 2013) ; therefore, the presented crystallisation temperatures for Group 3 may be somewhat cooler than the liquidus temperatures of the most primitive melts involved in the petrogenesis of this magma type.
The within-group crystallisation temperatures are not dependent on Cr# spl (Fig. 5b) or Ti spl ( Fig. 5c ), but exhibit an expected general positive correlation with olivine Fo (Fig. 5a) . One of the depleted ferropicrite suite olivine-spinel pairs (#4) with high olivine Fo (Fo 91.8 ), however, shows significantly lower temperature (1367±37 °C) than other pairs with similar olivine Fo (Fo 91.2-92.1 ; from 1424±30 to 1481±35 °C; Table 1 ). Although olivine and spinel of this pair are not texturally different to other pairs, it is possible that the spinel analysis could represent the Cr-poor rim of the crystal and/or that the olivine is zoned in terms of Al (see also Coogan et al., 2014) . We regard that the compositions of analysed olivine and spinel may not be in equilibrium in this case and stress the importance of the analysis of multiple olivine-spinel pairs for the determination of crystallisation temperatures when using the Al-in-olivine thermometer.
The maximum crystallisation temperature estimates for the depleted ferropicrite suite acquired using the Al-in-olivine thermometer from the most Mg-rich olivines (1424 -1482 Fo 91-92 ) are more than 100 °C lower than previously calculated (>1600 °C; using the olivine-liquid equilibrium equations of Putirka et al. (2007) . Similar differences between the results of these two models in general were observed by Coogan et al. (2014) . Interestingly, similar liquidus temperatures as given by the Al-in-olivine thermometer are suggested for an accumulated fractional primary melt calculated for the depleted ferropicrite suite sample AL/B1b-03 (1490-1491 °C at 0-3 GPa) with the recent PRIMELT3 software (Herzberg and Asimow, 2015) . PRIMELT3 adds olivine to (or subtracts olivine from) a melt composition until it corresponds to a peridotite partial melt composition. The parental melt and olivine compositions predicted by the PRIMELT3 software are very Mg-rich (MgO = 23 wt. % and Fo 92 , respectively; K D (Fe-Mg) ol-liq = 0.30-0.32), also similar to the suggestions of earlier studies ; see also Table 1 of this study). The compatibility of this approach (originally by Herzberg and O'Hara, 2002) and the Al-in-olivine thermometer was also observed by Coogan et al. (2014) . The implied pyroxene-rich source of the Group 3 dykes (Heinonen et al., 2013) hampers the estimation of the liquidus temperatures of their parental melts with the PRIMELT3 software (Herzberg and Asimow, 2008, 2015) .
In comparison with Al-in-olivine temperatures calculated for olivine-spinel pairs from MOR settings and other large igneous provinces (LIPs), the depleted ferropicrite suite exhibits temperatures among the highest calculated (Fig. 6) . In addition, the temperatures for both Antarctic magma types are relatively high at any given Fo content (Fig. 5a ). This may be related to the fact that their parental melts were very Fe-rich (≥ 13 wt. % of FeO T ; Heinonen et al., 2013) , given that Fe-rich melts may crystallise more Fo-poor olivine at higher temperatures compared to melts that have lower Fe contents (see Putirka, 2005) . 
Mantle source temperatures
Mantle source temperature is generally described as pressure-independent mantle potential temperature (T p ) that represents the temperature of mantle material if it adiabatically ascended to the Earth's surface without melting (McKenzie and Bickle, 1988) . When melting has occurred, its calculation requires correction for the heat of fusion as well as decompression (Cawthorn, 1975) and relies on several assumptions. For example, any given T p represents average melting conditions and thus assumes that melts segregated from different depths within the melting region are pooled and recombined in crustal magma chambers, integrating their thermal and chemical properties. All the available tools to estimate T p assume that the mantle source is composed of peridotite and thus we concentrate on Vestfjella depleted ferropicrite suite (derived from peridotite source; in this section.
One of the simplest methods for deriving T p of a peridotite source from an olivine crystallisation temperature is provided by Putirka et al. (2007) , who assume a two-step process whereby the temperature is first corrected for the temperature drop through fusion, and is then corrected back to 1 atm along an adiabat. The process is described by:
The temperature correction for fusion ΔT fus = F(ΔH fus /C p ) can be approximated for a lherzolite source using C p = 192.4 J/mol•K -1 and ΔH fus = 128.3kJ/mol, and -P[∂T/∂P], the adiabatic gradient, can be approximated to be 13.3 °C/GPa (Putirka et al., 2007) . Putirka et al. (2007) also provide two different equations to estimate the degree of melting (F) on the basis of major element composition and pressure (given as GPa): (4) These equations are parameterised from experimental peridotite partial melt data (see Putirka et al., 2007) . Inputting the parental melt compositions and melting pressures (5-6 GPa) suggested for the depleted ferropicrite suite by to equations (3) and (4) Alternatively, T p can be calculated with the PRIMELT3 software (Herzberg and Asimow, 2015) which gives similar liquidus temperatures for sample AL/B1b-03 as suggested by the Al-inolivine thermometer (see section 5.2.). As with the equations of Putirka et al. (2007) , PRIMELT3 suggests high-degree melting of a garnet peridotite source (F = 31 %) for the parental melt of the sample AL/B1b-03, and the resulting T p is ~1630 °C (whole-rock composition of AL/B1b-03 used as an input; Heinonen and Luttinen, 2008) .
We emphasise that the above T p values calculated for the depleted ferropicrite suite rely on several simplified assumptions on the thermodynamic properties and composition of the mantle source and should be treated with caution (see Putirka, 2005; Falloon et al., 2007; Putirka et al., 2007; Coogan et al., 2014; Herzberg and Asimow, 2015) . The relatively H 2 O-rich (~1-2 wt. %; nature of the parental melts must to some degree undermine the results of models that are based on melting of dry mantle lherzolite (see Stone et al., 1997) . Furthermore, the models of Putirka et al. (2007) and Herzberg and Asimow (2015) are only based on Si-Mg-Fe compositions of the parental melt and the mantle source: the F values (24-34 %, see above) suggested by them are too high for the parental melts of the depleted ferropicrite suite source given the observed degree of incompatible trace and minor element (and H 2 O) enrichment (e.g., TiO 2 = 1.3-1.4 wt. % in the parental melts; Luttinen, 2008, 2010) . For comparison, followed the approach of Herzberg and O'Hara (2002) and suggested an F of 12 % on the basis of not only Si, Mg. and Fe, but also Ti, Al, Mn, Ca, Na, K, Ni, and Cr composition of the estimated parental melts. Using such an F value (and T ol-spl 1464-1481 °C as T olliq and P of 5-6 GPa) in Eq. (2) results in T p values of 1464-1495 °C, which are considerably lower than those (e.g., Hole 2015) yielded by the standard models of Putirka et al. (2007) and Herzberg and Asimow (2008, 2015) . The large differences in all of the aforementioned estimates reflect the uncertainties in defining the composition (including volatile content) and degree of melting of the mantle source of the depleted ferropicrite suite. The considerable lithological and compositional heterogeneity of the sublithospheric mantle (e.g., Warren et al., 2009 ) poses substantial challenges for defining T p , especially for compositionally anomalous magma types. Nevertheless, even though the presented mantle source temperatures should be treated with considerable uncertainty, the apparent difference of the crystallisation temperatures between the depleted ferropicrite suite and MORB (~200 °C; Fig.  6 ) strongly suggests the derivation of the former from sources that are considerably hotter than those beneath modern MORs in general. This conclusion is in agreement with temperatures obtained from other LIPs, also obtained by Al-in-olivine thermometry (Coogan et al., 2014) . As the depleted ferropicrite suite is related to the eruption of Karoo CFBs, these vast volcanic eruptions most likely represent melting at the same elevated T p , the exact value of which is difficult to constrain using the current methods.
We do not provide an estimate for the mantle source temperatures of the Group 3 dykes, because geochemical evidence indicates their derivation from mixed pyroxenite-peridotite sources (Heinonen et al., 2013 (Heinonen et al., , 2014 . In such a case, it is inappropriate to use the above methods, which are based on parameterisations of experimental studies of peridotite melting; even eq. (2), which calculates T p independently of liquid composition, requires an estimate of F, for which an understanding of the chemistry of pyroxenite-derived melts is required. There is no clear consensus on the nature of pyroxenite in the mantle, which is reflected in the wide range of bulk compositions on which experiments are performed. Pyroxenite will generally melt more productively and at lower temperatures than peridotite, producing higher fraction melts with higher FeO at a given pressure (e.g. Kogiso et al., 1998) . It is expected that pyroxenite-derived melts should record a lower crystallisation temperature at similar T p than their peridotite-derived counterparts, due to the intersection of the pyroxenite solidus with a given mantle adiabat at higher pressure resulting in an increased ΔT fus . The simple relationship of eq. (2) would also be complicated by heat flow from the surrounding peridotite (Phipps Morgan, 2001) . Quantitative modelling of pyroxenite melting is beyond the scope of this study.
Implications
Given that there is less uncertainty related to the Al-in-olivine thermometer, because knowledge of the parental melt composition (see, e.g., Putirka, 2005; Herzberg et al., 2007) and K D (Fe-Mg) ol-liq (which may be composition-and pressure-dependent; Herzberg and O'Hara, 2002; Toplis, 2005) is not required (Coogan et al., 2014) , we consider the Al-in-olivine thermometer to currently provide the best estimate for the crystallisation temperatures of the most Mg-rich magmas of the Karoo CFB province. We regard that the Al-in-olivine thermometer may be especially useful in tracing the thermal history of magmatic systems which have proven to be troublesome for the more traditional thermometers, e.g., if the involved magmas contained volatiles (e.g., Vestfjella depleted ferropicrite suite) or represent anomalous magma compositions from pyroxene-rich sources (e.g., Group 3).
Elevated T p is frequently attributed to a mantle plume source (e.g. Putirka, 2005; Herzberg et al., 2007) . Alternatively, upper mantle temperatures of up to ~1600°C (~200 °C higher than ambient upper mantle) may be caused by supercontinent insulation and favourable plate boundary assemblies (e.g., Coltice et al., 2007 Coltice et al., , 2009 Rolf et al., 2012) . Such a model is in fact supported by the strong trace element and isotopic affinities of the Vestfjella depleted ferropicrite suite to SWIR MORB sources Heinonen and Kurz, in press ). In addition, the results of this study suggest crystallisation temperatures (and possibly mantle potential temperatures) that are ~100 °C lower than estimated by earlier studies on the basis of olivine-melt equilibria and melting models of dry lherzolite source (≥ 1600 °C; Hole, 2015) . It should be emphasised, however, that although the internal heating model is also compatible with the most of the recent structural and geochronological studies on the Karoo LIP (e.g., Le Gall et al., 2002 Jourdan et al., 2004 Jourdan et al., , 2005 Jourdan et al., , 2006 Jourdan et al., , 2009 Hastie et al., 2014) , influence of a mantle plume or plumes for the generation of Karoo CFBs cannot be ruled out (see Ferraccioli et al., 2005; Curtis et al., 2008) . Importantly, the temperature data presented in this study do not discriminate between the two scenarios.
The Al-in-olivine thermometry results of this study and of Coogan et al. (2014) suggest that at least CFBs of the North Atlantic Volcanic Province, Madagascar, and Karoo originated from mantle that was heated above ambient temperatures, irrespective of the heating mechanism. The origin of these provinces is thus difficult to explain solely by models of lithospheric delamination (ElkinsTanton and Hager, 2000) , melting of fertile mantle components (Anderson, 2007) , drainage of slowly-accumulated sublithospheric magma reservoir (Silver et al., 2006) , or any model that does not include elevated upper mantle temperatures.
Summary
We analysed primitive olivine-spinel pairs from Antarctic dyke rocks (Vestfjella depleted ferropicrite suite and Ahlmannryggen Group 3 dykes) related to the Karoo LIP for Al-in-olivine thermometry, which can address crystallisation temperatures without knowledge on melt composition or mineral-melt equilibria. The Vestfjella depleted ferropicrite suite represents the most magnesian magma type known from the Karoo province and both of the analysed magma types are characterised by primary compositions not influenced by the continental lithosphere. The host olivine Fo contents range from 79 to 92 mol. % and the analyses indicate olivine-spinel crystallisation temperatures from 1391±42 °C to 1481±35 °C for the Vestfjella depleted ferropicrite suite and from 1253±64 °C to 1303±40 °C for the Group 3 dykes. The temperatures calculated for the Vestfjella depleted ferropicrite suite are ~100 °C degrees lower than previously estimated using olivine-melt equilibria. Although exact mantle potential temperatures are difficult to estimate due to uncertainties related to degree of melting and mantle source composition, the crystallisation temperatures are compatible with derivation of the most Mg-rich magma type known from the Karoo LIP from a mantle source that was notably heated above ambient upper mantle temperatures.
